Abstract. Coordinated measurements of Indian MST radar and radiosonde during the passage of overshooting convective cores in SAFAR pilot campaign (May-November 2008) are utilized to quantify the mass flux across the tropopause and strength of the turbulence in up-and down-draft cores. The distribution of retrieved mass flux is found to be wide, ranging from −0.6 (downward flux) to 0.8 kg m −2 s −1 (upward flux). The net mass flux, is, however, from the troposphere to stratosphere, in spite of the existence of significant amount of downward flux. For the first time, the turbulence strength in the vicinity of the tropopause in convective cores is quantified. Large spectral widths with magnitudes >4 m s −1 are observed during convection. However, such large spectral widths are rare and are observed only for 1.6% of total observations. The average spectral width (and also the variation or standard deviation) in draft cores is found to be ∼4.5 times larger than that in fair-weather. The turbulence strength in updraft cores is much higher than that of in downdraft cores. The mean (median) spectral width in updraft cores is larger by ∼0.8 m s −1 (a factor of ∼2) than that of in downdraft cores. The turbulence strength does not show any systematic variation with the intensity of convection in both up-and down-draft cores. The distributions and mean values of mass flux and turbulence strength obtained in the present study will be useful to quantify the STE due to direct intrusion of mass by overshooting convection and the exchange of constituents (in particular water vapor) due to turbulence in a better way.
Introduction
There is a renewed interest on the exchange between the troposphere and stratosphere (STE) in recent years because of the intriguing processes occurring in this region, such as ozone depletion in extratropics, dehydration of air in tropics, etc. On a climatological scale, the mean transport is from the troposphere to stratosphere in tropics and from stratosphere to troposphere in extratropics, primarily controlled by the diabatic stratospheric circulation . Earlier studies used a variety of methods to quantify the mass flux across the tropopause and found that the flux due to diabatic circulation is from the troposphere to stratosphere in tropics (Rosenlof, 1995; Sherwood, 2000) . These studies have shown that tropical diabatic mean lift and mass fluxes are about half as strong in northern summer as in northern winter. Nevertheless, small-scale processes occurring near the tropopause also play a crucial role in the transportation of constituents and the exchange between these two important layers. However, quantification of exchange by these processes is difficult, because of their variability in space, time and the magnitude. In tropics, these processes include deep penetrative convection (Jain et al., 2001; Kumar, 2006) and enhanced turbulence mixing induced by wave breaking (Fujiwara et al., 2003) and shear instabilities.
The overshooting convection can influence the STE processes in several ways; transportation of mass and constituents from the troposphere to stratosphere and also from the stratosphere to troposphere, through enhanced turbulent mixing, and gravity wave generation and/or filtering. Most importantly, penetrative convection can hydrate/dehydrate the air entering into the stratosphere and this issue will be discussed in detail later. Several modeling and experimental studies dealt with the characteristics of gravity waves generated by convection (CGW) and their transport of energy and momentum across the tropopause (Alexander et al., 1995; Dhaka et al., 2002; Kishore, 2006) . Other studies focused on the estimation of mass flux across the tropopause in convective cores. These estimates depend heavily on model-derived vertical wind fields, which are generally weak, compared to the observed vertical wind (Rajeevan et al., 2010) . There were some flux estimates based on measured vertical winds in convection with air-craft and radars (VHF and Doppler weather radars), but the measurements are limited either to cruising altitudes or to lower/middle troposphere (Lemone and Zipser, 1980; Lucas et al., 1994; May and Rajopadhyaya, 1999; Cifelli et al., 2002 , and references therein). Only a few observational studies were available in the literature focusing on mass flux estimations across the tropical tropopause by penetrative convection (Jain et al., 2001; Kumar, 2006) . Nevertheless, these studies are based on a few case studies and also used modeled density profiles for estimating the mass flux. One of the objectives of this article (and also SAFAR (Study of Atmospheric Forcing And Responses) program) is to quantify the mass exchange between the troposphere and stratosphere from an ensemble of convection events and concurrent radiosoundings. In recent years, the role of convection in dehydrating the air entering into the stratosphere is highly debated. It is generally agreed that the tropopause altitude (temperature) is high (cold) in convectively active regions (Gettleman et al., 2002) . According to the convective dehydration hypothesis, the air entering into the stratosphere through overshooting convective turrets will be exposed to these extremely cold temperatures resulting into the formation of ice, which will sediment out leaving dry air behind in the stratosphere (Danielsen, 1993; Sherwood and Dessler, 2001 ). In contrast, a few studies have shown that the convection hydrates the stratosphere (Corti et al., 2008) . Evaporation of condensates and turbulent mixing moistens the upper troposphere and lower stratospheric (UTLS) region. Whether or not the convection hydrates or dehydrates the stratosphere, there is a general consensus that turbulent mixing in the vicinity of the tropopause is one of the primary mechanisms for transferring constituents/watervapor irreversibly. Unfortunately, direct measurements of turbulence in convective cores near the tropical tropopause are scarce. Although the turbulence quantification has been made at various geographical locations in fair weather conditions throughout the troposphere with wind profiling radars (Hocking, 1985; Fukao et al., 1994; Eaton, 1997, 2005; Rao et al., 2001; Fujiwara et al., 2003; Wilson, 2004; Alexander and Tsuda, 2007) , the same is not true in convection. Therefore, the second objective of this article is to quantify the turbulence during convection in the UTLS region. Further, some of the intriguing issues are addressed in this article. How intense is convective turbulence in comparison with fair-weather turbulence? Is turbulence strength is same in both up-and downdraft cores? Is magnitude of turbulence depends on convection intensity, gauged by the magnitude of up-and downdrafts?
The data (Indian mesosphere-stratosphere-troposphere (MST) radar -IMSTR and radiosonde) utilized for the present study are described in Sect. 2. The methodology to identify up-and down-draft cores is also briefed in this section. A few case studies, where deep convective cores reached/penetrated the tropopause are described in Sect. 3. It also contains discussion on mass flux and turbulence strength in up-and down-draft cores. Section 4 summarizes all results and discusses future perspectives of SAFAR campaign.
Data and methodology
The vertical air velocity (w) and spectral width (σ ) measurements made by the IMSTR during the passage of convection are primarily used in the present study. Complete details of IMSTR can be found in Rao et al. (1995) and the analysis during convection is elaborated in Rao et al. (1999) . Important specifications of the radar and parameters used for the present study are shown in Table 1 . Every alternate beam is pointed vertically generating vertical air motion profile for every 44 s (16 s for beam probing and 6 s for data transfer for each beam) with 300 m height resolution. The beam width of IMSTR is 3 • , corresponding to a horizontal width of 800-1000 m in the tropopause region (16-20 km). The radar derived w is an average velocity of all scatterer's within the radar resolution volume. The IMSTR measurements are augmented by high-resolution (1-min) surface rainfall rate (R) data obtained by optical rain gauge (ORG-815) and temperature and density (ρ) profiles retrieved from concurrent radiosonde (Meisei-RS01GH) measurements. Note that the IMSTR measures w over the radar location, while radiosonde drifts with background wind. Therefore, ρ derived from radiosonde can be slightly different from that over the radar site (or in cores). For mass flux estimation, the present study assumes the covariance between the density and vertical wind (if any) is negligible.
The IMSTR was kept in alert mode during the SAFAR pilot campaign period (May-November 2008). The radar was operated continuously for more than 6 h in each event. A total of 16 convection events (10 deep and 6 shallow) were observed during the campaign period, varying in duration from 30 to 220 min. Out of 16, the convection reached/penetrated the tropopause (16 km) in 5 cases (see Table 2 for the time and duration of overshooting). Table 2 also contains the accumulated rainfall (in mm) during the passage of convection.
The draft core is defined as the region in the time-height intensity map of w in which the absolute value of w is greater than 1 m s −1 (Uma and Rao, 2009) . To avoid small patches of stronger w to be called as cores, few more constraints are imposed on the definition of core. The core should be persistent for at least 10 min (in time) and 500 m (in height). Both upand down-draft cores are identified using the above procedure. The sensitivity of the velocity threshold on core statistics (composite w, core overpass duration and core top altitude) is examined by altering the threshold from 1 to 1.5 and to 2 m s −1 . The above core statistics are not changed much for different thresholds, nevertheless, the number of data points reduced considerably when a 2 m s −1 velocity threshold is employed (Uma and Rao, 2009) . Since the present study deals with STE, deep convective cores with at least a part of the draft core above 16 km are only considered here. The variation of surface meteorological parameters and the evolution of this event are discussed in detail in a companion paper (Rajeevan et al., 2010) .
The 
Quantification of mass flux in cores
It is interesting to note downdraft cores adjacent to and, sometimes, above updraft cores, in the vicinity of the tropopause. The downdraft cores are generally observed in the lower troposphere as a result of raindrop drag and evaporative subsidence. Sometimes, downdraft cores can be deep, which are generally seen in the transition phase of mesoscale convective systems (MCS) (May and Rajopadhyaya, 1999; Uma and Rao, 2009) . The cores in the vicinity of the tropopause are a result of dynamical response of updrafts (Yuter and Houze, 1995) or high frequency gravity wave motions (Alexander et al., 1995) . Although the processes responsible for downdrafts are known, the magnitude of vertical wind in cores, particularly in the tropopause region, is not known precisely. Figure 3 shows the distribution of w in upand down-draft cores in the tropopause region (above 16 km). It is evident from Fig. 3 that the downdrafts are present for considerable percentage of time with large magnitude. However, updrafts seem to be preponderant near the tropopause region. The updrafts are intense as well. Distribution for upand down-drafts shows large % occurrence (estimated from counts) at weak drafts, but decays drastically with the increase in intensity of drafts. The distribution resembles with that of observed by air-crafts and profiler measurements elsewhere (Lemone and Zipser, 1980; Lucas et al., 1994; May and Rajopadhyaya, 1999) . The mean, median and strongest 10 percentile population (given in Fig. 3 ) also shows the predominance of updrafts. The strongest 10 percentile drafts in the tropopause region are, in fact, nearly equal to that of in the lower and middle tropospheric observed/simulated draft cores (Xu and Randal, 2001 , and references therein).
It is clearly apparent from Figs. 1 and 2 that the cores are penetrating the tropopause (∼16 km, as evidenced from rela- tively large SNR and can also be obtained directly from temperature profiles (Fig. 4) ) indicating that significant amount of mass exchange could have occurred during this period. The mass flux per unit volume is estimated from w and ρ values in the height region of 16-20 km from all case studies. The distribution for mass flux during overshooting convection (both up-and down-draft) is shown in Fig. 5 intense mass flux events are not common. Therefore, the mean mass flux with large standard deviation (due to the variation in fluxes within the storm and also from storm to storm) indicates that these estimates are of first order. The distribution clearly shows two peaks (one for upward and the other for downward fluxes) at 0.075 kg m −2 s −1 . Although downward fluxes with large magnitude are present for considerable period, the net flux, residual of troposphere to stratosphere (upward) and stratosphere to troposphere (downward) flux, is upward. For instance, the mean upward mass flux is 0.177±0.13 kg m −2 s −1 , while the downward flux is 0.092±0.04 kg m −2 s −1 . The skewed distribution towards upward flux and the presence of large upward fluxes corroborate the general perception that the net STE in tropics due to convection is from the troposphere to stratosphere.
Quantification of turbulence in draft cores
In addition to the direct transport of constituents and mass into the stratosphere through overshooting convection, the exchange also occurs through turbulence diffusion processes. The turbulence mixing across cloud boundaries is one of the effective mechanisms by which the irreversible transfer of STE occurs (Sherwood and Dessler, 2000) . The σ measurements made with IMSTR during fair-weather and in convective cores are employed to quantify the turbulence. The distribution for σ (a measure of turbulence) in draft cores near the vicinity of the tropopause (16-20 km) is shown in Fig. 6 . Also included in the figure is the distribution for σ in fairweather conditions observed within 10 days from the convection day. Although the distributions for σ in fair-weather and convection have a small overlap, but the mean (median) values differ by a large magnitude. For instance, the mean σ for fair-weather (0.4±0.14 m s −1 ) is nearly 4.5 times smaller than that for draft cores (1.8±0.96 m s −1 ). The difference in mean σ between fair-weather and convection is statistically significant. Further, the distribution for σ in convection is much wider compared to that in fair-weather, indicating the large variability present in convection. Large spectral widths (>4 m s −1 ) are also observed in convection, but such large spectral widths existed for only 1% of total observations. Such large σ values are, in fact, observed in the lower troposphere during convection (Rao et al., 1999) . By knowing the water vapor (and its gradients), it is possible to estimate the water vapor fluxes across the cloud boundaries due to turbulence.
The spectral broadening in fair-weather (in the vicinity of the tropopause) is smaller at Gadanki than the values obtained at mid-latitude stations, for ex., Shigaraki, Japan (0.6±0.2 m s −1 (Alexander and Tsuda, 2007) ), nevertheless, is comparable to that observed near the equatorial tropopause (0.46±0.2 m s −1 , Fujiwara et al., 2003) . On the other hand, earlier studies have shown that the turbulence strength increases when a propagating wave breaks near the tropopause and this enhanced turbulence is important for STE. Fujiwara et al. (2003) have shown Kelvin wave breaking and associated increase in turbulence strength using Equatorial Atmospheric Radar (EAR) measurements. They observed that the turbulent kinetic energy increases by a factor of 5 during wave break period compared to that of in quiet period. Whiteway et al. (2003) observed gravity wave breaking near the tropopause over Aberystwyth and subsequent intensifying of turbulence activity. The turbulence strength in such wave breaking events (maximum values in the range of 0.7-1.2 m s −1 (Fujiwara et al., 2003; Whiteway et al., 2003) ) is, indeed, large compared to that of in quite periods, but much smaller compared to that of in draft cores over Gadanki.
The turbulence strength is not same in up-and down-draft cores (Fig. 7) . The σ distribution for updraft cores is wide and contains large values (>2 m s −1 ) of σ . On the other hand, the σ distribution for downdraft cores is relatively narrow with most of the population <2 m s −1 . The mean, median and strongest 10 percentile values of σ population for updraft cores are considerably larger than that for downdraft cores. Though the mean σ is smaller for downdraft cores than for updraft cores, but is larger than that for fair-weather (0.4 m s −1 ).
To see whether the turbulence depends on the intensity of convection (gauged by vertical air motion), the σ is plotted as a function of w in up-and down-draft cores (Fig. 8) . No clear discernable feature (in other words, do not follow any functional form), is observed from Fig. 8 . For any particular vertical air motion, σ has several values (wide distribution) in both up-and down-draft cores. However, the σ distribution at any particular w is wider for updraft cores than for downdraft cores.
Uncertainty in the quantification of turbulence in draft cores
Note that, the measured σ by VHF radars contains nonturbulent contributions, due to finite beam width (beam broadening), vertical shear of horizontal wind (shear broadening) and transience (Hocking, 1985; Fukao et al., 1994; Nastrom et al., 1997; Rao et al., 2001; Wilson, 2004) . The shear broadening can be neglected for vertical beams (Fukao et al., 1994) . The beam broadening increases with beam width and wind speed. The reliability of wind profiler horizontal winds during convection is less (Hooper et al., 2005) , because of implicit assumptions (homogeneity of wind with space -within the volume between probing beams and time -required to probe in at least 3 non-coplanar directions) involved in Doppler Beam Swinging (DBS) method, which are not true during convection. Therefore, the spectral width measurements are not corrected for beam broadening effects.
However, an estimate of beam broadening correction is made using the wind speed at the tropopause altitude prior to and after the convection overpass (20-40 m s −1 ). The correction due to finite beam for a given velocity range of 20-40 m s −1 is in the range of 0.38-0.76 m s −1 . In addition, the transience effect also needs to be considered here. In fair weather, the transience broadening is negligible; when the beam probing period and gradient in vertical wind within the radar pulse height are small, such as in the present study (16 s and 300 m, respectively). However, in convection, the vertical velocities change rapidly with time and therefore contribute to the spectral broadening even in such short beam probing periods. Similarly large vertical gradients in w in 300 m also contribute to spectral broadening. To obtain the first order estimate of transience broadening, the difference in w from successive w wind profiles (44-s resolution) (within the cores near the tropopause) is estimated. Figure 9a shows the histogram of w-difference in 44 s. It is apparent from the figure that 60% of w-difference population lies within ±1 m s −1 . The mean and median values of w-difference population (considering only magnitude) are also ≤1 m s −1 . In other words, the w changes by not more than 1 m s −1 in 44 s in majority of cases. Then the variance in w in 16 s (beam probing time) is estimated from 1 s interpolated w-difference values. Similarly, the variance in 300 m is also estimated by identifying the limits in which most of the w-gradient population lies (±1 m s −1 in this case) (Fig. 9b) . The variance (estimated using the procedure outlined above) in w in 16 s and in 300 m are 0.013±0.01 and 0.08±0.07 m 2 s −2 , respectively. Even if we consider the velocity difference between successive scan cycles (height ranges) is 2.5 m s −1 in 44 s (in 300 m) (90% of w differences are within this limit), the variance in 16 s (in 300 m height) is not more than 0.08 (0.52 m 2 s −2 ). Removing the above uncertainities/non-turbulent contributions from the observed spectral broadening, the mean σ 2 due to turbulence alone is found to be >2 m 2 s −2 . For a typical tropopause brunt-vaisala frequency (N) of 0.02 s −1 , the estimated vertical eddy diffusivity (K) will be of the order of 10 m 2 s −1 (see Fukao et al., 1994; Rao et al., 2001 , for formulation of K). The estimated K is larger than those reported elsewhere using air-craft (except in extremely turbulent patches), radar and lidar measurements (see Table 1 of Wilson, 2004) . The early estimations of K by Kennedy and Shapiro (1980) in extremely turbulent patches are of the order of 2-111 m 2 s −1 . In fact, K estimated from strongest 10 percentile values of σ (Fig. 6 ) is found to be of the same order.
Summary and future perspectives
Coordinated measurements with IMSTR and radiosonde during the passage of convection are used to quantify mass flux and turbulent flux across the tropopause in draft cores. The important conclusions obtained from the present study are listed below.
1. It is widely accepted that the exchange between the troposphere and stratosphere in tropics occurs primarily through two mechanisms; a fast transport by convection and a slow transport by stratospheric diabatic circulation. Earlier studies have shown that the mass flux due to diabatic circulation is from the troposphere to stratosphere in tropics (Rosenlof, 1995; Holton et al., 1995; Sherwood, 2000) . The present study shows that the transport due to convection can be in both ways, as evidenced by the wide distribution of up-and downward fluxes. Nevertheless, the population and also the mean value of mass flux are larger in updraft cores, and suggest that the net flux due to convection is also from the troposphere to stratosphere in these cases. The large variation in the flux values (and large standard deviation) indicates that the mean value obtained here is of first order and the mass flux can vary significantly from one event to the other.
The present analysis clearly shows that mass flux across the tropopause in penetrative convection, both by direct intrusions and turbulence, is significant. Nevertheless, the frequency occurrence of such penetrative cumulus convection is not known from the present analysis. Further, such convective exchange could exhibit large spatial and temporal variabilities. Considerable observational support can be found for the existence of some amount of overshooting past the tropical tropopause. Frequent overshooting has been inferred from satellite data by Schmetz et al. (1997) . Gettleman (2002) also used satellite data to map the geographical variability and frequency of occurrence of convection. Recently, using Tropical Rainfall Measuring Mission (TRMM) precipitation radar measurements, Liu and Zipser (2005) have shown that 0.1% of convection penetrated the 380 K potential temperature level. The above studies have shown that overshooting convection is more frequent over land than over water, especially over central Africa, Indonesia and South America. Combining such statistics on the occurrence of convection (both in space and frequency) with the present study (dealing with the direct measurement of mass flux and turbulence flux) will advance our understanding of convective transport of mass and constituents across the tropopause. To obtain such an estimate, it is planned to take concurrent measurements of w and σ with IMSTR and vertical sounding of meteorological variables with radiosonde during the passage of several draft cores over the observational site (as part of SAFAR campaign).
2. A clear enhancement in turbulence activity is observed in draft cores. The magnitude of turbulence strength is nearly 4.5 times larger in convective cores than in fair weather. The strength of turbulence in convection is higher than that of due to wave breaking near the tropopause reported elsewhere (Kelvin waves by Fujiwara et al., 2003 ; and gravity waves by Whiteway et al., 2003) . The turbulence strength is higher in updraft cores than in downdraft cores. Further, the turbulence strength does not show any systematic variation with the intensity of convection, gauged by the magnitude of w, in up-and down-draft cores.
The present study clearly shows the enhancement in turbulence during convection. Recent studies have reported moderate-marginally severe turbulence not only in active convection regions but also far away from active convection (Trier and Sharman, 2009 and references therein) . Several mechanisms are proposed for the initiation of convection induced turbulence, starting from high-frequency gravity wave breaking (Lane and Sharman 2008) to localized reductions of Richardson number resulting from circulations generated by convection and to dynamic instability by vertical shear of horizontal wind beneath the outflow (Trier and Sharman, 2009 ). By combining scanning radar and IMSTR measurements, it is possible to infer such information in future.
